Coinfection of parasite genotypes can select for various changes in parasite life history strategies relative to single genotype infections, with consequences for disease dynamics and severity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, even where coinfection is common, a parasite genotype is also likely to regularly experience single genotype infections over relatively short periods of evolutionary time, due to chance, changes in local disease transmission, and parasite population structuring. Such alternating conditions between single genotype and coinfections will impose conflicting pressures on parasites, potentially selecting for facultative responses to coinfection [14] [15] [16] [17] [18] [19] . Although such adaptive phenotypic plasticity in response to social environment has been observed in protozoan parasites and viruses [20, 21] , here we show it evolving in real time in response to coinfection under conditions in which both single infections and coinfections are common. We experimentally evolved an obligate-killing virus under conditions of single virus infections (single lines) or a mix of single infections and coinfections (mixed lines) and found mixed lines to evolve a plastic lysis time: they killed host cells more rapidly when coinfecting than when infecting alone. This behavior resulted in high fitness under both infection conditions. Such plasticity has important consequences for the epidemiology of infectious diseases and the evolution of cooperation.
Summary
Coinfection of parasite genotypes can select for various changes in parasite life history strategies relative to single genotype infections, with consequences for disease dynamics and severity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, even where coinfection is common, a parasite genotype is also likely to regularly experience single genotype infections over relatively short periods of evolutionary time, due to chance, changes in local disease transmission, and parasite population structuring. Such alternating conditions between single genotype and coinfections will impose conflicting pressures on parasites, potentially selecting for facultative responses to coinfection [14] [15] [16] [17] [18] [19] . Although such adaptive phenotypic plasticity in response to social environment has been observed in protozoan parasites and viruses [20, 21] , here we show it evolving in real time in response to coinfection under conditions in which both single infections and coinfections are common. We experimentally evolved an obligate-killing virus under conditions of single virus infections (single lines) or a mix of single infections and coinfections (mixed lines) and found mixed lines to evolve a plastic lysis time: they killed host cells more rapidly when coinfecting than when infecting alone. This behavior resulted in high fitness under both infection conditions. Such plasticity has important consequences for the epidemiology of infectious diseases and the evolution of cooperation.
Results and Discussion
We experimentally evolved an initially clonal, obligate-killing virus (bacteriophage f2 [22] ) of a bacteria (Pseudomonas fluorescens SBW25 [23] ) under conditions in which either the densities of bacteria greatly exceeded (by five orders of magnitude) that of phage, resulting in predominantly single phage infections (single lines), or phage and bacterial densities were initially approximately equal, resulting in phages experiencing a mix of single infections and coinfections (mixed lines) initially, followed by predominantly coinfections as the phage population grew. We measured phage population growth rate in the phages's selection and reciprocal environments every 10 days for a total of 50 days and found no monotonic change in growth rates for either treatment, in either environment (see Figure S1 available online; linear effects of time: p > 0.4 in all cases). There were, however, differences in mean growth rates between treatments. Specifically, mixed lines had lower growth than single lines under coinfection conditions, whereas there was no difference in growth between treatments measured under single infection conditions (Figure 1 ; significant interaction between selection and assay environments; mixed-effects ANOVA with time as fixed effect, F 1,18.33 = 5.72, p = 0.028). This reduction in growth of mixed phages under mixed conditions may initially seem paradoxical but is in fact consistent with adaption to coinfections: increased within-host fitness of parasites is typically associated with reduced between-host transmission and hence decreased parasite population growth rate [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
To determine whether the evolved strategies of the mixed lines were adaptive, we competed independent pairs of single and mixed evolved lines under single infection and coinfection conditions. We found that mixed lines had an average 3-fold growth rate advantage over single lines under coinfection conditions ( Figure 2 ; one-sample Wilcoxon test against relative fitness of 1: p = 0.03) and no detectable difference in growth rate under single infection conditions ( Figure 2 ; Wilcoxon test: p > 0.05). Reduced population growth rate of the mixed lines therefore appears to be an adaptation resulting from selection under coinfection conditions.
We next investigated the phenotypic basis of adaptation to coinfections and whether or not the mixed phages had evolved adaptive phenotypic plasticity. Within-host competition resulting from coinfections can select for a range of parasite strategies including increased rates of host exploitation, interference, and exploitation of competitors' public goods (social cheating) [3, 4] ; an example of the latter is the frequently observed defective-interfering particles in viruses [24, 25] . It is possible that plasticity in any of these mechanisms may have evolved in the mixed lines, but we initially investigated plasticity in the time taken to lyse hosts, because such plasticity in response to coinfection has been shown in phage T4 and its close relatives [21] . Like many viruses, the phage used in this study transmits by lysing its bacterial host, hence increased rates of host exploitation are likely to manifest as a faster time to lysis at the expense of a reduced viral yield [26] [27] [28] . Bacteriophage replication involves the production of multiple copies of the phage genetic material and protein coats, which are then packaged together to form the complete virus shortly prior to lysing the host cell [28] . Earlier lysis has been shown to provide a competitive advantage during phage mixed-genotype infection [29] , presumably because coinfecting competitors with longer lysis times will have packaged up fewer complete viruses prior to cell lysis. To investigate adaptive plasticity of lysis time, we first measured the time taken for a statistical increase in density to occur in the ancestral, single, and mixed lines under both single infection and coinfection conditions. Under single infection conditions, the lysis time of ancestral, single, and mixed lines was approximately 35 min ( Figure 3 ; paired t test of yield at 35 min versus 0 min; p = 0.0002, p = 0.0002 and p = 0.001, respectively). However, under coinfection conditions, the lysis time of mixed lines was approximately 30 min ( Figure 3A ; p < 0.0001), whereas it remained at 35 min for the single lines and ancestral clone (Figure 3B ; p < 0.0001 and p = 0.01, respectively). To formally demonstrate that there is a change in lysis time in the mixed infection lines in response to coinfections, but not in the single *Correspondence: helen.leggett@zoo.ox.ac.uk infection lines, we estimated the lysis time (the number of minutes taken to reach 50% of maximal phage density during a single synchronized growth cycle [t50]), for each replicate under both single infection and coinfection conditions. The t50 of mixed lines was significantly lower than single lines under mixed infection conditions, with no difference in t50 between the lines in single infection conditions ( Figure 3C ; significant interaction between selection line and assay conditions; F1,20 = 59.794, p < 0.0001). This demonstrates that an initially clonal virus that experienced a mix of single infections and coinfections over a few hundred generations evolved to phenotypically alter its lysis time in an adaptive manner, depending on whether it infected bacteria by itself or coinfected with other virus clones.
Our results demonstrate that even the simplest organism can maintain individually costly cooperative behaviors in the face of social cheats. Cooperation in this context can be viewed as a prudent use of hosts (killing the host relatively slowly to maximize viral yield), a strategy favored by selection when individuals sharing the same resource (a single host) are close relatives [5] . For rapidly evolving viruses, such high relatedness can only be guaranteed if everyone has descended from the same infecting clone. In contrast, competition with other genotypes favors cheating (faster rates of host exploitation) [5] . Adaptive phenotypic plasticity in response to the number of infecting genotypes ensures viruses only cooperate under conditions of high relatedness.
Here we have shown that an initially clonal virus, propagated under a mix of single infection and coinfection conditions, readily evolves the ability to detect the presence of coinfecting clones and adjusts its behavior accordingly. The ease at which such adaptive plasticity evolved in our experiment suggests the behavior is likely to be widespread among parasites and readily influenced by selection. The existence of social plasticity has important implications for parasite epidemiology and virulence. First, virulence and transmission of a given parasite may differ dramatically according to whether it is in a mixed or single genotype infection. Second, intervention strategies that aim to use avirulent social cheats (''Hamiltonian medicine'' [30] ) to outcompete virulent strains are likely to fail: parasites are likely to simply evolve to act as cheats when cheats are present but express more virulent, cooperative phenotypes in their absence.
Experimental Procedures Selection Experiment
We used a single plaque of the lytic bacteriophage SBW25 F2 [22] to initiate all selection lines and a single colony of Pseudomonas fluorescens SBW25 [23] as the host bacteria. We grew bacteria and bacteria-plus-phage overnight in 6 ml King's Media B (KB) in 30 ml glass universals (shaken at 200 rpm and 28 C). We isolated phages by treatment with 10% chloroform and centrifuging at 14,000 rpm for 2 min. We inoculated 12 KB tubes as above with approximately 5 3 10 8 cells per ml of wild-type (WT) bacteria (10% of an overnight culture shaken at 200 rpm and 28 C. We then added approximately 5 3 10 8 particles per ml of phage to the first six replicates (mixed phage infection lines), whereas the other six contained 10 3 particles per ml of phage (single phage infection lines). We grew the populations at 200 rpm conditions, with loose lids at 28 C. After 8 hr, we isolated phages as above, stored them overnight in the fridge, and inoculated either 5 3 10 8 or 10 3 into fresh KB tubes, along with 5 3 10 8 cells of ancestral SBW25. We continued the experiment for 50 transfers, with phages stored at 280 C in cryotubes every ten transfers. In both treatments, phages reached densities of approximately 10 10 /ml after 8 hr, with maximum bacterial densities of 5 3 10 9 /ml, hence some single infections and coinfections probably occurred in both treatments. However, the frequency of coinfection was inevitably far more common in the mixed lines. Note that we have previously established that coinfections readily occur in this system by using marked phages [31] .
Population Growth Rate Assays across Environments
To investigate environment-specific adaptations, we measured population growth rates of the evolved phages under both selection conditions every ten transfers. After 8 hr of growth, we determined phage population densities by plating dilutions of each phage population onto KB agar plates with a semisolid overlay bacterial lawn. We calculated the Malthusian growth rate as ln(end phage density/start phage density) [32] . We calculated mean growth rate of the ancestral phage from measures taken at multiple time points.
Fitness Assays
To determine whether the evolved strategies were adaptive, we competed independent pairs of single and mixed lines. To distinguish between the lines, we attempted to select spontaneous mutants that could infect an evolved P. fluorescens clone. For some reason, we were only able to do this for all the single lines, so we competed mutant/''marked'' mixed lines against unmarked single lines. To attempt to control for the cost of this host range mutant marker, we also competed ancestral phages against independently marked ancestral phages. We competed pairs of phages at equal starting ratios under both single and mixed infection conditions for 8 hr in a static incubator at 28 C and measured the growth of each of the populations by plating chloroform-treated populations onto separate KB agar plates with semisoft overlay lawns of either WT or resistant bacteria. We calculated relative fitness (w) of each mixed line, where w = m 1 /m 2 , m 1 = Malthusian growth of the mutant, and m 2 = Malthusian growth of the competing strain. Therefore, w was greater than 1 when the mixed line grew faster. We repeated each assay three times, calculating the mean of the pseudoreplicates. We then divided each w by the mean w of the ancestral marked genotypes when competed against the ancestor to control for the cost of the host range marker.
Measuring Time to Lysis
We measured the time taken for phage to lyse bacteria cells (latent period) in at least three phage clones in all single and mixed lines under reciprocal treatment conditions in a ''one-step growth experiment'' [33] . We added phages (10 5 or 10 8 for single and mixed conditions, respectively) to 10 7 exponentially growing bacterial in 1 ml KB media and measured phage density by plating onto bacterial lawns at time zero and then at 5 min intervals from 25 min (we never observed increases in density prior to 30 min in our preliminary studies). We used logistic regression of phage titers (as a proportion of their maximal density) against time to estimate lysis time for each replicate. Our specific measure of lysis time was t 50 , the number of minutes taken to reach 50% of maximal phage density during a single synchronized growth cycle.
Statistical Analysis
We wanted to determine how mean phage growth rates varied through time for both mixed and single lines grown in both selection environments. We used general linear mixed models (GLMs) with REML, with evolution treatment and time as fixed factors, and variance among population lines fitted as a random effect. Comparison of mean growth rates in mixed population assays were carried out using GLMs (with mixture as a single fixed effect), followed by post hoc Tukey's pairwise comparisons. Ratios of phage growth and latent period data were not normally distributed; therefore, Wilcoxon signed-rank test was used. Variation in phage t 50 was analyzed as a factorial GLM with explanatory variables ''evolution treatment'' (single or mixed), ''assay treatment'' (single or mixed), and their interaction. Analyses were carried out using JMP or R version 2.14.0. All figures were drawn using SigmaPlot software.
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